HTML AESTRACT * LINKEES

REVIEW OF SCIENTIFIC INSTRUMENTS76, 045111(2005

Design, development, and testing of a hybrid in situ testing device
for building joint sealant

C. White,? N. Embree, and C. Buch
Building and Fire Research Laboratory, National Institute of Standards and Technology, Gaithersburg,
Maryland 20899

R. S. Williams
USDA Forest Service, Forest Products Laboratory, Madison, Wisconsin

(Received 31 March 2004; accepted 17 January 2005; published online 1 Aprjl 2005

The testing of sealant samples has been restricted to devices that either focus on fatiguing multiple
samples or quantifying the mechanical properties of a single sample. This manuscript describes a
device that combines these two instrumental designs: the ability to both fatigue and characterize
multiple sealant samples at the same time. This device employs precise movement capability
combined with a stiff loading frame and accurate force measurement for the characterization of five
ASTM C719 sealant samples. The performance of this device is demonstrated by monitoring the
changes in mechanical properties of silicone sealant during the first 90 h of cure. A complete
description of the apparatus, results from the study of curing and analysis is
included.[DOI: 10.1063/1.1889234

INTRODUCTION ample, ASTM C719 establishes the performance of the seal-
ant through the following protocol: a one month period of
Modern design relies heavily on sealant materials to prostatic cure, followed by sequential stress regime including
vide waterproofing and moisture barrier protection to theimmersion in watef7 d), baking in an over{7 d), exposure
building and its components. Nearly 60% percent of “gunto UV, and finally mechanical cyclinjThe samples are then
grade” sealant produced globally is currently used in convisually evaluated for defects.

struction, creating a $30 billion per year industrin 1996, This article describes efforts to design, produce, and test
this was 420 000 000 kg2 of material that could be spreach hybrid device allowing for sealant sample deformation,
over 58x 1(P km of joints: which concurrently fatigues the samgkeealant communify

Despite the central role sealants play in maximizingand characterizes the mechanical propefp@tymer science
building envelope performance, they receive little attentioncommunity of the sealant. In addition, this device features
from the end user leading to premature joint failure. Resultnultisample, multicycle, automation and informatics capa-
from recent studies in England predict that 55% of installedhilities that enhance the characteristics of traditional sealant
sealant joints will fail within 10 years of installation and testing devices. The performance of this instrument is dem-
95% of all sealant joints will fail within 20 yearSThis in-  onstrated by monitoring the change in a silicone sealant dur-
formation is consistent with previous studies from Jépaning the initial hours of curing. Finally, this experimentally
and Germany,but is in contrast with implied manufactures monitored change in mechanical properties is linked to a
warranties 0f35—-50 years or even the lifetime of the build- molecular model of the changes occurring during the cure of
ing. the sealant. This device is the first generation of a class of
Additionally, the premature failure of sealant signifi- sealant instruments that will provide the experimental data
cantly contributes to the second most commonly cited comrequired to significantly improve the predictive capability of
plaint in the annual National Association of Home Builderscurrent sealant testing and evaluation methodologies. The
homeowner surveys, that of water leakage into a hdf@. first task in developing a device to monitor changes in seal-
repair and maintain American homes, the US Census Corant is to understand the polymer science related to sealant
struction Report consistently shows homeowners spendinfprmulations.

(65—70 billion dollars per yeaF.Much of this is believed to
be due to water leakage.

A critical factor in the inappropriate selection of sealantPOLYMER SCIENCE
formulations has been the reliance on data from threshold geg|ant formulations are polymer systems that increase
type tests like ASTM C719. These tests are qualitative an¢h molecular weight during the cure period by one of several
have little predictive capability because they have little cor-mechanism& The most prevalent of which is crosslinking.
respondence to the actual in-service environment. For €Xnderstanding, quantifying, and predicting crosslink forma-
tion has received intense interest from the polymer science
JAuthor to whom correspondence should be addressed; electronic maifOMmunity for the past 50 years. A selection of the relevant
christopher.white@nist.gov literature is cited her&®2°
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In polymer science, several techniques are used to moni double nut on threaded rod
tor changes in the crosslink density commonly or the mo- Y
lecular weight between crosslinks bt of polymer systems.  Flexible
The three most prelevant are: measuring changés,imea- Shaﬂ& Jacks
sured with differential scanning calorimetry; swelling with a
solvent measured either by dimensional changes or weigh
gain; or by measuring the modulus of the rubbery plateau. O e
these, the method that offers the most promise ai aitu \
monitor of the sealant properties is measuring the modulus o Stepper A STH BB
the rubbery plateau. moter [] Samples

This is a common method for a two reasons: one, the z 2= )
readily available precision of both stress and strain measure \
ments, and two, the direct linkage between these macro .
scopically measured quantities and a well documented fun Voltinetar
damental description of the molecular mechanism. This
direct linkage between the stress and strain and the molecul:
mechanism is well established for neat polymer systems. It it
less well established for filled systems such as sealant, bt ) Somputer
this is a good first approximation. Thé. can be calculated
from the initial response of the sealant joint to tensile stress Tomslew

by the following equatior.
3 p 1 —m——‘ O S [
—o=——RTla- 2/ 1 O o o o oo O

<1— Alumium Frame

where o (engineering stre$s force/areap is the density of

the sealantR is the gas constant; is the temperature in K;

and « is the extension ratiéae=L/L,, whereL, is the origi- o —
nal length andL is the deformed lengjh Equation(1) in-

cludes two modifications proposed by Paynend Gent?  (®)

These two corre,ctlons accounts fdl’) the differences be- FIG. 1. A line drawing of the side vieWa) and top view(b) of the hybrid
tween the Young's modulus and the apparent modulus for geajant testing device. Note that the load cells are located on the fixed side
sample with constrains with arising from the geometry typi-of the frame.

cally used in sealant testinglescribed in the experimental

section and (2) the large deformation of the sample. The (5ining the required experimental data using traditional
correction for the constrained geometry is evident by the 3/3neans from either the polymer science or sealant community
factor in front of the engineering stress, while t?e_flmte €X-is not feasible due to two factors: the destructive nature of
tension correction is evident by tH&/3)(a-1/a%) in the e tests and the labor required to measure each sample. Cur-

right side of the equation. Further finite element studies bytenqy, studies of sealant durability that incorporate move-
Ketchamet al™ have indicated that these two corrections for ant involve using simply constructed, multisample devices

the constrained geometry and large extension may be 8§ g mechanical vicg€® Even in the most ambitious stud-
much as 20%-30% high, but still involves a vertical shift t0jeo5” it is only at the end of the exposure period that the
the stress measurement. The need for these corrections Wiljechanical properties of the sealant samples are destruc-
be present in any instrumental design. tively evaluated using the analytical instrumentation de-
Measurements of the modulus in the rubbery plateau argqrihed above. The standard testing protocol for most studies

usually made with single sample devices. Both the force angha s one to make conclusions about sealant failure solely on
deformation measurements are well defined and preciselyis;,al observation of the material.

quantified. The samples are usually formed into a specific
geometry. Commercial mechanical testing devices are often
used in this type of testing; for example, Instron marketsPESIGN REQUIREMENTS
. 24 .
such a devicé’ Typically, these tests are conducted at much  geyeral functional requirements were important in the

higher speed$50 mm/min than those performed in the gesign and construction of this device including characteriza-
sealant community0.06 mm/min, so as to minimize the (o of the rheological properties of the samples requiring
time consumed of an expensive physical testing device.  pigh-precision movement and forces measurement capabili-
ties, accommodation of multiple samples, automated opera-
tion, and low cost. Since this device will generate an inde-
pendent data file for every cycle and for every sample, an
To significantly improve the predictive capability of cur- informatics system to handle the data is required.
rent sealant testing methodologies, predictive models of be- A critical consideration was the number of samples to be
havior must be developed and experimentally verified. Ob€ycled. To increase the confidence in the data, a large num-

MOTIVATION FOR A HYBRID DEVICE
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Zz 2|2 FIG. 2. Plot of the force recorded from the load cell of
g % one of the samples as a function of deformation cycle
¢ £ number. The lines represent a smooth line drawn be-
é 0 2 tween the 200 data points for each deformation cycle.
The data from four deformation cycles are plotted: 1,
30, 70, and 90 cycles. The end play in the screw is
-2 - clearly evident in the one-cycle data.
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ber of samples are required. Large sample sizes significantlyhe aluminum sample supports are tapped and thre@ed
increase the total force required for the machine since th@8—this specifies the screw size and thjeabthe lower
total force is equal to the maximum force required to deform1.9 cm rod is taped and connected to the load cell by a
one sample multiplied by the total number of samples. Thahreaded(;ll, 28) stud; the load cell is bolted into the lower
balance between these considerations resulted in five ASTKtame. The upper end of this lower rod is tap{éd28) and a
C719 sized samples as the number and type included in thihreaded stud connects to the sample. The upper 1.9 cm rod
design. The consensus of a group of key sealant industryonnects to the sample in an analogous method to the lower
researchers was that 90 kg would be sufficient to fail anysupport rod. The upper end of the upper rod is taped for a
sealant sample in any configuration. Therefore, the desigrarger stud(3,13. This stud easily passes through a hole in
frame and movement system must handle 450 kg of force.the upper frame and turns with little resistance. Once the
High-precision movement is required to characterize thesamples have been loaded, this stud is secured in place by
samples. Sealant studies involve between 7.5% to 100% rel@ghtening nutd%,13 on either side of the upper frame.
tive joint movement of a standard 1.27 cm sealant joints. An A sample is attached by spinning it onto the threaded
acceptable upper limit of 10% for the relative standard unstud of the fixed lower rod. This procedure is followed by
certainty in the determination of modulghich is calcu-  spinning the upper rod and attached stud to engage the
lated by the stress/straiwas discussed with members of our threads on the aluminum sample support. When the upper
industry consortium for this device. This leads to a require-and lower rods are secured to the sample, the upper rod is
ment that the displacement be controlled to at leasthen secured to the frame by tightening the rigt43 below
+0.05 mm. The stress measurement requires less consideind above the upper frame crossbar.
ation due to the availability of high-precision cost-efficient
load-measuring devices.
Displacement control
IMPLEMENTATION OF THE DESIGN REQUIREMENTS For the displacement control, there are four sources of
uncertainty in this system: the precision of the vertical dis-
) ) ) placement of the fram@acks, the precision of the motor
Several single-arm designs were considered, prototypedyispjacement, the coupling of the motor to the jacks, and the
and rejected because of excess compliard@05 mm. The o npjiance of the frame. Each of these systems is discussed
final design, depicted in Fig. 1, is similar to commercial in- pejow, The total displacement uncertainty of the system is

struments designed to characterize the mechanical propertig$sn measured and compared with each of these potential
of samples. In this design, a stiff U-shaped frame limitsq rces of uncertainty.

movements in any but the vertical d|rect|op. The frame IS Synchronized precision twin screws, one on each side of
constructed from 8 ¢ 10 cmx 50 cm solid aluminum 6 heayy aluminum I-channel top crossbar, provide precise
blocks connected to 8 cm50 cm I-channel aluminum  ,he gimensional cyclic motion control. Additional motion

crosspieces on the top and bottom. This frame showed ngapility was provided by including 1 cm aluminum guide
detectible deflectionmeasured with +0.01 mm precisipn rods, mounted on each side of the frame and bearings
with a load of 450 kg placed in the center of the span when,qnted on the top I-channel crosspiece.

stressed in both tension and compression.

Load frame

To provide fine control of the vertical motion of the up-
per I-channel crosspiece, precision screw jacks obtained
Sample attachment from Joyce Corporatidit (WJ1000 were mounted on top of

The samples are attached to this frame by 1.9 cm alumi8 cmx 8 cm aluminum block and connected to the upper
num rods extending from the top and bottom of the framel-channel. Each of these precision Joyce Jdgk31000 has
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a fine thread resolution of 0.64 mm/revolution with a lead25 000 steps/revolution, which is equivalent to a nominal
screw uncertainty of £250 nm/mm of vertical travel. When vertical resolution of £25 nm. The Compumotor Zeta Se-
converting from tension to compression, there isries® 6104 with a TS42B motor selected for this design de-
0.2 mm+0.05 mm of endplay in the jack threads. To mini-livers 17.61 N m of static torque with a running torq(eg
mize any impact this might have on the measured force re8.33 rps of 4.2 N m when wired in series. It has more than
sponse curve, the force measured during the first 0.2 mm a&nough torque to accommodate the maximum expected static
displacement upon reversal is recorded but not used in theerque of 3.1 Nm and running torque at 8.3Bs of
determination of the force response curves discussed latet.1 N m. The torque/load curve of this motor sets the upper
The screw torque is the force required to keep the scredimit of the speed of this device. The 8.33 rps quoted above
from rotating is specified to be 3.0 N m. The running torquecorresponds to 317 mm/min, which is much larger than the
at 8.33 revolutions per secortps) is 1.1 N m. 50 mm/min that is typical for a standard polymer science
Coupling the jacks to each other and to the motor istesting speed. This upper limit of 317 mm/min at maximum
accomplished through the use of flexible shafting. A futureload conditions gives this device the ability to function like a
version of this device will operate in tight spaces. Flexiblemultisample traditional testing device in addition to the more
shafting was selected because it allows the unit to be moreonventional operation.
compactly designed than if traditional stiff shafting was se-  The compliance of the entire device was measured by
lected. The flexible shafting was obtained from S.S. Whitereplacing the center sealant sample with a block of steel ma-
Inc. (model number 375)°* With this shafting, the torque chined to ASTM C719 sample dimensions. The resulting
capacity is a function of the bending radius of the shaft. Withforce displacement curve is then used to derive the compli-
a bend of greater than or equal to 20.3 cm radius, this shafince for the device, which is £0.005 mm/kg of force. The
could supply 6.1 N m of torque. standard tests for sealants require a movement of +3 mm
The last component to be specified was the motor sup25% of a ASTM C719 sample configuratjomn discussions
plying the torque. A stepper motor system was selected fowith members of the sealant industry, it is commonly as-
two reasons: the ease of automation and the high degree stimed that no force greater than 10 kg has been observed for
precision in the movement. Typically, stepper motors providea 25% expansion of a sealant in an ASTM C719 configura-
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tion. This results in a worst-case standard uncertainty in ofAutomation

+0.05 mm in a 25% expansion of the sealant of 3 mm or A computer running a customBVIEW® program con-

1.5% relative standard displacement uncertainty. trols the movement and force monitoring of the system. The
This 1.5% relative standard uncertainty is the combinaprogram sends a signal to the motor resulting in the vertical

tion of the four previously discussed sources: motor precimgtion described above. At the end of that vertical motion,

sion, coupling of the motor to the jacks, the jacks them-the multimeter is instructed to measure the voltage on each

selves, and the compliance of the load frame. of the five channels. This voltage, or force measurement sig-
nal, is then sorted and stored in an array, downloaded to the
Load Measurement computer, and stored in a separate file for each channel. This

To measure the force required for movement, each of thentire process is repeated for each point in the deformation
five samples had an Interface load cg@M-250 bolted to  profile. The 200 equal distance point deformation profile
the lower frame as depicted in Fig. 1. The load cell wasconsists of 50 points of expansion, 100 points of compres-
wired to its matched and jointly calibrated Interface SGAsion, and 50 points of expansion to return to the original
conditioner/amplifier. The load cell and SGA conditioner/ starting position. Changes in the speed or extent of sample
amplifier were calibrated by Interface prior to arrival at motion are accomplished by changing the velocity of the
NIST. The output from conditioner/amplifier was calibrated Stepper motor or the number of steps executed to acquire a
so the linear range of —10 to 10 V output corresponds talata point. This approach has two principle advantages. First,
-91 to 91 kg with a manufacture’s reported nonlinearity ofit creates a uniform format for the output data files and sec-
<0.02%. To measure all five of the voltage signals, a Kei-ond, allows the motor driver/indexer to produce smooth mo-
thley 2700 multimeter with a 20 channel, 22 bit A-D resolu- tion for each data point. Once a deformation cycle has been
tion multiplexer card option, model #7700, is used. The mul-completed, the program loops back to begin the process of
timeter is configured to scan and measure the voltage odleforming the samples again repeating this process until ei-
each channel and report that information to the computether the program is terminated or the prescribed number of
through the GPIB interface. The multimeter will report the cycles has been completed. A typical deformation cycle takes
voltage with a stated precision of 6.5 digits. For a 10 V~1 h to complete.
signal, this would correspond t0.001% or much less than
the stated nonlinearity of the load cé#0.02%). Thus, the  |nformatics
relative standard uncertainty on the load signal is estimated

. . . . Test data are stored in two locations: on the computer
at £0.02% primarily due to the nonlinearity of the load cell. P

connected to the instrument and in a large database on a
remote server. Because of the volume of data that is gener-
ated (~3000 files/month, it is necessary to develop a sec-
The measurement that is of interest is the slope of th@ndary storage method to catalog the data. The main func-
stress over the strain. By summing the relative standard urtions of the informatics system are to store, sort, search, and
certainty of the motional displaceme(#.5% and the rela- retrieve data files. The system automatically creates a record
tive standard uncertainty on the load signal is estimated dbr each deformation file on a remote dedicated server-
+0.02% an estimate of approximately 1.6% in relative stancomputer connected through an ethernet connection. This
dard uncertainty in the measurement of the engineeringecord system contains fields to identify each data file such
modulus. The initial acceptable limit of 10% relative stan-as operational time, date of acquisition, material, substrate,
dard uncertainty has been well exceeded. experimenter, experiment name, etc. It also maintains the

TOTAL MEASUREMENT UNCERTAINTY
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FIG. 5. The maximum tensile stress recorded during a
deformation cycle is plotted as a function of cycle num-
ber. Four of the samples show a similar increase in
tensile force up to 40 cycles with a fifth showing early
changes in maximum tensile stress, attributable to ad-
hesive failure. All of the other samples show a drop in
the maximum tensile stress attributed to adhesion fail-
ure.

Visable Adhesion loss

Maximum Engineering Stress (Pa)

0 10 20 30 40 50 60 70 80 90
Cycle number

name of the file where the specific raw data values are storethis study, a simple tension and compression deformation
Raw data are not included within the database. This methodycle was selected with a movement of +25% of the 1.27 cm
is commonly called a meta-data database. A meta-data dat@int width or 3.18 mm+0.05 mm deformation in each of the
base method was selected based upon its ease of develggsitive and negative direction. The deformation cycle was
ment and inherent flexibility in the types of data that can bedivided up into 0.254 mm steps or data points. After each
stored. Once the automated process creates the records in #$tep was completed, the load was measured on each of the
meta-database, data files are automatically renamed accorfive load cells using the above-described system. The veloc-
ing to the metadata records and uploaded to the remote déy of the motor was 0.254 mm/min with a 15 s total step
tabase server using a visual basic script. time to collect the load cell data. This gives a nominal rate of

A series of active server pag(a_*sASP) allow queries of movement of 0.212 mm/min. This results in a 56 min cycle
the remote server query language server through the use tifme. This rate is higher than that typically used in ASTM
standard browser software. These pages allow a user to selé€719 testing, but within the range used to evaluate
and sort the data of interest, select the files to be downsealant£®
loaded, and download these files to any location on the
browsers’ computefthe downloading requires the use of a RESULTS
javascript applet from Informentum, LTD

The previous sections have described the instrumental Typical results from a deformation cycle are shown in
development in great detail. In the next sections, the perforFig. 2. In this figure, the 200 points that compromise the data
mance of the instrument will be demonstrated by monitoringcycle are plotted along theaxis and the voltage from a load
a sealant during cure. cell is plotted on they axis. The results from cycle numbers
1, 30, and 70 are plotted on this figure.

The ability to quantitatively measure the deformation of
the sealant material is clearly evident in Fig. 2. The sensitiv-

The mechanical properties of a sealant undergo thdéty of the load cells is such that the sealant's mechanical
greatest change during curing. Thus, this is an ideal time tproperties for this formulation can be precisely measured in
evaluate the range of performance of this hybrid device. Aheir full range. This is demonstrated by the ability to follow
major sealant producer provided a model commercial silicorthe material from the earliest stages of cure through much
sealant formulation used in this study. It was gunned into dater stages of cure. Finally, the error caused by the end play
5.08 cmx 1.27 cmx 1.27 cm sample cavity composed of in the jack threads is clearly visible in Fig. 2. After the peak
7.62 cmx 1.27 cmXx 1.27 cm aluminum supports on each load has been reached in either compression or tension, there
side with a polytetrafluoroethylen@TFBE film on the bot- is a short section of nonlinear response in the load curves
tom and 1.27 cnx 1.27 cm PTFE spacers on each end. Thisbefore the load cell data again becomes linear with the de-
is a typical ASTM C719 sample size. The samples werdormation step. To account for the end play in screw jacks,
cured in this fixture for 4 h and then removed, keeping thethe data from the first 0.2 mm of travel in tension is not used
PTFE spacers and the aluminum substrates intact. After aimr the calculation of the molecular weight between
other 4 h of cure, the samples were threaded onto the sealagrtosslinks.
tester using the procedure described above and the end cap The calculation ofM,. for the four deformation cycles
spacers were removed. from Fig. 2 is presented in Fig. 3. The 1, 30, and 70 cycle

A feature of this instrument is that any arbitrary dis- deformation data for a single sample are shown; there is a
placement wave form can be imposed on the sample. Thislear increase in the number of crosslinks shown by a de-
flexibility can be used to provide more extensive charactererease irM. or increasing slope in these curves. In Fih)3
ization of the mechanical properties in future studies. Fothe data from Fig. @) is plotted in a Mooney-Rivlin format

EXPERIMENT
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to check the validity of the use of the neohookean moleculatead to better material specifications, installations, and pre-
model. In this plot, there is little or no dependencecoiThis  dictions of in-service performance for climatologically local
provides direct evidence that the assumptions invoked in thenvironment.

use of Eq.(1) to link the measured experimental mechanical

properties to the molecular model for this set of experimentACKNOWLEDGMENTS
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